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ABSTRACT 
An examination o f  t h e  s t a t u s  bf s o l a r  c e l l  r e s e a r c h  shows t h e  s i l i c o n  > 
s o l a r  c e l l  and t h e  t h i n  f i l m  CdS So l a r  C e l l  t o  b e  t h e  most p romis ing  
f o r  s p a c e  power sys tems  a p p l i c a t i o n s .  A b r i e f  r ev iew o f  t h e  t echno logy  
and t heo ry  o f  o p e r a t i o n  o f  t h e s e  two t y p e s  o f  cells is fol1owe.d by a 
comparison of t h e i r  f u t u r e  c a p a b i l i t i e s .  
1. Introduation
 
At present, solar cells made from a wide variety of materials
 
have been produced either commercially or in the laboratory.
 
These cells have effitiencies that vary from 1-14%, Figure 1 is
 
a table Showing the variouS materials of which the solar cells
 
are constructed and their efficiencies.
 
The-most efficient solar cells are currently being constructed 
from single crystal silicon with efficiencies ranging from 
0-14%. These cells are produced commercially with good yield 
as shbwn in figure 2. 
Figure I shows GaAs to be the next best cell from the efficiency
 
standpoint; However,,this is misleading as the yield of these
 
(l
high efficiency cells is very low. 

Thin film cells have the advantage of being flexible; hence they
 
may be packaged compactly and unrolled in orbit. In addition
 
they contain less material and have high power to weight ratios.
 
The most promising of the thin film cells are the polycrystaline
 
CdS cells, which have been constructed with efficiencies in the
 
2 (2
4-8% range (cell area 50cm 2 (2)
 
II. Silicon Solar Cells
 
Construction (3),(4)
 
Purified silicon is melted in quartz crucables, doped with
 
arsenic, phosphorous or antimony (10 [ce) and grown into
 
an n-type single crystal with a resistivity of about .5A-cm.
 
The single crystal is then cut into slices about 20 mils thick,
 
ground, lapped and cleandd. The slices are next placed
 
in a diffusion furnace at 11500 in an atmosphere of R01 3
 
c r e a t i n g  a  p-type Xayer abovu 2 microns t h i c k .  The n-type 

l a y e r  i s  then exposed by ctching.  The con tac t s  a r e  formed 

by n i c k e l  p l a t i n g  t h e  des i r ed  a r e a s  ( t h e  e h t i r e  n-type su r face  

and a  sma l l  p a r t  of t h e  p-type ~ u r f a c 6 )  and then t innfng  them. 

Theorv of  Operation 
The s i l i c o n  s o l a r  c e l l  i s  a  p-n junc t ion  diode.  Tf t h i s  
.. 
device. is i r r a d i a t e d  with l i g h t  of w.lve length  short-er than 

the  band edgc ( 1-1 microns) excess ho le  e l e c t r o n  p a i r s  a r e  

generated.  To be s p e c i f i c  assume t h a t  t h e  l i g h t  is i n c i d e n t .  

on t h e  p-type s i d e  of  t h e  device. Tn t h e  p  reg ion  t h e  excess 

e l e c t r o n s ,  being minori ty c a r r i e r s .  w i l l  c r e a t e  a  s t r o n g  

concent ra t ion  g rad ien t  and thus  d i f f u s e  away from t h e  reg ion  of 

c r e a t i o n .  Some w i l l  d i f f u s e  t o  t h e  s u r f a c e  and be l o s t  t o  

s u r f a c e  recombination. Others w i l l  d i f f u s e  t o  t h e  junc t ion  

and bc swept across  i n t o  t h e  n  reg ion .  This  c o n s t i t u t e s  a 

c u r r e n t ,  .-I (51, ( t h e  minus s i g n  appears because t h i s  c u r r e n t  
I 

i s  oppos i t e  to  t h e  d i r e c t i o n  of  normal cu r ren t  flow). The 
-	 Charge sepa ra t ion  thus  produced c r e a t e s  a  vo l t age  V a c r o s s  t h e  

te rminals  of t h e  device'  i n  t h e  forward d i r e c t i o n .  The c u r r e n t  

caused by t h i s  v o l t a g e  is 

( 6 )lo( 	e. q ~ l k t - ~ ) .
. 
I f  a load is connected t o  t h e  device  t h e  n e t  currekc en te r ing  

t h e  s o l a r  c e l l  is 

(See f i g u r e  3 . )  The,l ighG c u r r e n t  I i s  p ropor t iona l  t o  
t h e  i n t e n s i t y  of  absorbed r a d i a t i o n  and t h e  p r o b a b i l i t y  
t h a t  t h e  minori ty : c a r r i e r  t hus  c rea t ed  w i l l  d i f f u s e  t o  t h e  junct ion .  
Two requirements f o r  high e f f i c i e n c y  a r e  implied i n  t h e  above. 

d i scuss ion:  

(1) 	t o  absorb as many photons a s  poss ib l e  
(2) 	 t o  d i f f u s e  a s  many of  t h e  excess minori ty c a r r i e r s  
t o  t h e  junc t ion  a s  poss ib le .  
Because s i l i c o n  has a  r e f r a c t i v e  index of approximately 4 
aboiit 3b% of t h e  l i s h t  i nc iden t  on. a  s i l i c o n  su r face  i s  
r e f l e c t e d .  Tl1i.s i s  i.mproved considerably i.f an impedance 
mn~cnitig device  is: used (ant i-ref lect i .on coa t ing)  (a q u a r t e r  
wave l eng th  of t r anspa ren t  ma te r i a l  w i t h  r e f r a c t i v e  index 
midway between t h a t  of s i l i c o n  and f r e e  space is depos i ted  on 
che su r face . )  Since t h e  coa t ing  i s  frequency s e l e c t i v e  the  

bes t  match is chosen a t  t h e  red .end o f  the  v i s i b l e  spectrum 

(peak of a v a i l a b l e  s o l a r  energy) g iv ing  t h e  device a, blush 

appearance under sun l i g h t  i l l umina t ion .  

I n  order  t o  cap tu re  a s  many of  the  excess minori ty c a r r i e r s  
i
a s  poss ib l e  ij! would seernfdesirable t o  p lace  t h e  junc t ion . a s  
c l o s e  t o  t h e  s u r f a c e  a s  poss ib l e .  However, making t h e  p  reg ion  
too narrow r e s t r i c t s  c u r r e n t  flow, inc reas ing  t h e  s e r i e s  
r e s i s t a n c e  of t h e  c e l l .  A compromise i s  requi red  and t h e  
junc t ion  i s  usua l ly  placed about 1-2 microns below t h e  
(7), (8)su r face .  
In  Se rv ice  Degradation 
Today most commercially a v a i l a b l e  s i l i c o n  s o l a r  c e l l s  a r e  
Constructed of 1 m c m  NIP s i l i c o n  (9) a s  t h i s  seems t o  provide 
t h e  b e s t  r e s i s t a n c e  t o  r a d i a t i o n  degradat ion.  
An improvement on t h i s  may be obtained by using a  d r i f t  f i e l d  
2.. 

c e l l . ' ( lo )  Here t h e  E f i e l d  i n  t h e  baae reg ion  enhances 
col l-ect ion thus making t h e  device somewhat l e s s  s e n s i t i v e  to  
recoinbination c e n t e r s  produced under i r r ad i - a t ion .  
'l'hcse c e l l s  c o n s i s t  of  an e p i h x . i a l l y  grown graded F-type l a y e r  
with n d i f fused  N type 1.1yer. The Impurity concentr;i t ion 
and cons t ruc t ion  of a t y p i c a l  d r i f t  f i e l d  c e l l  is shown i n  
f i g u r e  4 .  The e f f i c i e n c y  of  t h i s  device  under 3 4 0 0 ' ~  
i l l umina t ion  i s  11%.(I1) Although t h i s  e f f i c i e n c y  i s  lower ,  
than t h a t  f o r  conventional  c e l l s  a f t e r  s e v e r a l  days i n  t h e  
space environment the  d r i f t  f i c l d  c e l l  w i l l  be supe r io r  because 
i t  i.1 l e s s  scn ' s i t ive  t o  r ad ia r ion  degradat ion (see  f i gu r e  5) 
Be t t e r  r a d i a t i o n  r e s i s t a n c e  w i l l  r e s u l t  i n  h igher  s p e c i f i c  
powers by al lowing . t h inne r  cover slips t o  be used on t h e  c e l l s .  
Cost of  S i l i con  So la r  Ce l l s  
The c o s t  of S i l l cod  Solar  Ce l l s  depends s t rong ly  on ma t e r i a l  
u t i l i z a t i o n  and breakage. The u t i l i z a t i o n  meri t  f z c t o r s  f o r  
S i l i con  c e l l s  of va r ious  s i z e  a r e .  (12) ,  (13) 
S ize
-
Eferit f a c t o r  
lcm x 2cm 90 
2cm x '  2cm 90 
4cm x 4cm 40 
A s  c e l l  s i z e s  a r c  increased l o s s e s  caused by g r id  des ign  and 
in t e rconnec t ions  become important ,  whi le  increased  s i z e  means 
l e s s  handling,  and reduced panel  c o s t s .  The 2cm x 2cm c e l l s  
. s i z e , appea r s  t o  s t r i k e  a favorable  balance between these  
extremes ( I 4 ) '  ( I5)!  and would be t h e  minimum cos t  S i l i con  
c e l l .  
Ce l l s  cons t ruc ted  of  S i l i c o n  webbed dend r i t e  ma t e r i a l  (lcmx30cm) 
~ l l o w  f o r  l a r$e  ma te r i a l  qavings a s  compared with t h e  Czochralski  
pull'ed c r y s t a l s .  A t  p resent  t h e i r  co s t  is competi t ive wi th  t h e  
(16)
more. s tandard type c e l l s .  
Thin Film Po lyc rys t a l ine  CdS Solar  Ce l l s  
Construct ion 
(A) Standard Technique (17) 
A pol&ide p l a s t i c  f i lm  i s  used a s  t h e  s ub s t a t e .  To 
t h i s  is appl ied  a mixture of s i l v e r  parciclessuspendcd 
i n  unpolymerized polyimid varni:~h i n  a  thiclcness of 2-5 
microns. This  forms a conductsng back s u r f a c e  f o r  t h e  
c e l l  w i t h  a sheet r e s i s t a n c e  of  the  o rde r  1 0 y L / s q u a r e .  
To ensure an ohmic con tac t  between t h i s  s u r f a c e  and t h e  CdS 
a very t h i n  l a y e r  of  z inc  i s  vacuum deposi ted on t h e  
conducting back sukfacc.  The CdS i s  then vacuum depds i ted  
t o  a th ickness  of 15-25 microns. Next t h e  b a r r i e r  l a y e r  
i s  formed by dipping t h e  t h i n  f i l m  i n t o  a hot  s o l u t i o n  
conta in ing  cuprous ions  f o r  a few seconds. This  forms a 
p type Cu S - l a y e r ;  Following t h i s  t h e  c e l l  is r i n s e d ,2 

d r i e d ,  andllheated f o r  Gevcral minutes a t  250'~. 

F i n a l l y  a metal mesh c o l l e c t o r  g r i d  is a t tached ( o r  

e l e c t r o p l a t e d  on) and a t h i n  mylar. cover s l i p  placed 

over  i t .  

(83 Chemical Spray Deposi t ion Technique (18) 
A 02.. molar s o l u t i o n  'of Cd[ (NH212CS I 2 C l 2  i s  sprayed 
0

on an-Sn0x coated g l a s s  s u b s t r a t e  maintained a t  300 a t  
the r a t e  of 1 l i t e r / h r .  Next a CuxSy s o l u t i o n  i s  sprayed 
on the-CdS l a y e r ,  ar 120°c, with ;? flow r a t e  of lml lh r .  
he CuxSy s o l u t i o n  is prepared from copper a c e t a t e  and 

N-N, dimethyl th ioured .  

Af t e r  t h e  depos i t ion  is completed t h e  junc t ion  is formed by 
a  hea t  t reatment  whose i n t e n s i t y  and d u r a t i o n  depend upon 
t h e  f i l m  th i ckness ,  spray  parameters,  and base ma te r i a l .  
Typica l ly  i t  is 250 '~  - 300°c i n  a i r  f o r  2-10 minutes. 
Figure 6 .  shows' the cons t ruc t ion  of  a t y p i c a l  f r o n t  w a l l  c e l l .  
Theory o f  ~ p c r a t i a t i  
The mechr\nisa $y wli ic l~  t h e  pho to -vo l t age  i s  g e n e r a t e d  

i s  n o t  c l e a r l y . u n d e r s t o o d  a t  p rese r i t .  However, i t  is 

known t h a t  pho tons  w i t h  i n d i v i d u a l  e n e r g i e s  less hhan, 

b u t  combined eAergy g r e a t e r  t h a n  t l ie  band gap (2,5eV)

I 
a r e  c a p a b l e  o f  combining t o  produce t h e  h o l e  e l e c t r o n  
. p a i r s  t h a t  c r e a t e  t h e  pho to -vo l t age .  (19') 'Chis f a c t  is 
pl .a in ly  visib.1.e i n  E i g u r e  7. .  a s  inuch o f  t l ie  ce l l  r e s p o n s , ~  
is e x t r i n s i c  ( a t  g r e a t e r  wave leng ths  t h a n  t h e  . 5  micron bane-. 
edge.  ) 
There  a t  p r e s e n t  s e v e r a l  t h e o r i e s  t h a t  p u r p o r t  t o  e x p l a i n  
t h e  o p e r a t i o n  o f  t h e  CdS c e l l .  Most a g r e e  t h a t  a 
Cu2S-CdS h e t c r o j u n c t i o n  is formed by immersing t h e  CdS 
f i l m  i n t o  a s o n u t i o n  c o n t a i n i n g  c u r p o u s . i o n s  (e .g .  
a c i d i f i e d  h o t  ,: 100%. w a t e r  ayd Cu2C12 (20) I . Bu t ,  t h e  
mechanism causgng t h e  e x t r i n s i c  r e s p o n s e  is s t i l l  i n  d i s p u t e .  
H i l l  and Keramidas (21) s u g g e s t  t h a t  d i s l o c a t i o n s  and 
. . 
g r a i n  b o u n d a r i e s  p r e s e n t  i n  t h e  s u r f a c e  o f  t h e  p o l y c r y s t a l i n e  
t h i n  f i l m  p e r m i t  d i f f u s i o n  o f  t h e  Cu2S t o  s e v e r a l  mic rons  
i n t o  t h e  CdS. ' Tf t h i s  is t r u e ,  t h e n  a s  t h e y  s u g g e s t  t h e  
.. 
mechanism most l i k e l y  r e s p o n s i b l e  f o r  t h e  e x t r i n s i c  r e s p o n s e  
i s  a s i m p l e  band t o  band t r a n s i t i o n  i n  t h e  l ev  band 
gap Cu2S. 
Another mechanism h a s  been proposed by ,2 Sy s a n o  (22) 
b a s e d  on exper iments  by G r i m m e i s  and >kmming and F a b r i c u s  (24) 
which showed t h a t  most o f  t h e  l o n g  wavelength  
r e s p o n s e  was d u e  t o  a b s o r b t i o n  a t  i m p u r i t y  c e n t e r s  i n  t h e  
CdS. Cusano s u g g e s t s  t h a t  t h e  e x t r i n s i c  r e s p o n s e  r e s u l t s  
from two s t e p  o p t i c a l  p r o c e s s e s  s i m i l a r  t o  t h o s e  obse rved  
11-qI compounds (25) ,  (25) i n  Ant i -Stokes  luminescance  of  
To s u p p o r t  h i s  c o n c l u s i o n . h e  p o i n t s  o u r  t h a t  t h e s e  
p r o c e s s e s  a r e  s e e n  i n  a p p r e c i a b l e  magni tude n e a r l y  e x c l u s i v e l y  
i n  copper  doped m a t e r i a l s .  
It may be observed t h a t  t h e  impuri ty c en t e r s  mencjlbned 
- ... 
by Cllsano a r e ' a l s o  r c s l ~ on s i b l e  f o r  the  piiotoconduCEive 
e f f e c t  i n  CdS; The exisgnnce of t h i s  e f f e c t  has been used 
by ~ h i r l a n d  ( 2 7 )  t o  exp la in  t h e  decrease i n  Rsh ind  Rs 
under inc reas ing  i l l umina t ion  i n t e n s i t y ,  and a l s o  t h e  c ross ing  
I 
of t h e  i l lumi3ated  and dark  curves  of  CdS. See f i gu r e s  
8. and 9 .  
I n  c on t r a s t ,  H i l l  and Keramidas present  spectra&:iiesponse 
da ta  t h a t  shows no s t e p  a t  2.4 eV. They f e e l  CK& i;ndicates.
.. . 
t h a t  t h e  CdS p lays  v i r t u a l l y  no part i n  t h e  absorbt ion  of 
t h e  inc iden t  r ad i a t i on .  
S t i l l  t o  be explained is t h e  p ecu l i a r  behavior o f . t h e  
CdS c e l l  when subjec ted  t o  a  wh i t e  l i s h t  b i a s .  For 
most c e l l s  one may ob t a i n  t h e  t o t aL  r e l a t i v e  response versbs'  
wavelength by f ind ing  t h e  response a t  each sepe ra t e ly .  his 
i s  not  t r u e  f o r  CdS s o l a r  c e l l s  ( 2 8 ) .  Exper'imentally 
t h i s  may be v e r i f i e d  by f ind ing  t h e r e s pon s e  f o r  a  c e l l ,  
then r e p e k i n g  t h e  t$$t with a  white  l i g h t  b i a s  and 
sub t r a c t i ng  out  t h e  response of t h e  b i a s .  One would expect 
t h e  curves t o  be t h e  same. They a r e  not .  A s  may be  seen 
i n  f i g u r e  7 . ,  r there has been decided s h i f t  i n - r e sponse ;  a  
decrease  i n  t h e  i n f r a  red and an  inc rease  i n  t h e  v i s i b l e .  
A l s o , i t  has been observed t h a t  t h e  add i t i on  of t r a c e  
impur i t i e s  such a s  copper,  gold, o r  s i l v e r ,  to  t h e  CdS 
If i lm  causes a broadening of  t h e  s p e c t r a l  response,  under 
b i a s  l i g h t  condi t ions  ( 2 9 )  
I n  Serv ice  Degradation 
I n s t a b i l i t i e s  . i n  t h e  CdS t h i n  f i lm  s o l a r  c e l l s  usua l ly  
. r e s u l t  from mechanical shortcomings of  cncnpsu~at ibn . .  
and con tnc t s  and not  from any inhe ren t  i n s t a b i l i t y  $n;.the 
fiLm i t s e l f .  
~ x ~ e r i m e n tshows. t h a t  c e l l  ou tputs  d e t e r i o r a t e  i n  
I 
d i r e c t  propor t ton  t o  the  amount of moisture accumulated 
i n  t h e  b a r r i e r  reg ion .  However, p lac ing  a  t h i n  l a y e r  of  
apoxy a g a i n s t  t h e  b a r r i e r  remedies t h i s  problem (30) 
CdS t h i n  f i lm  c e l l s  show an extremely high resis~man:c:e~,to 
.. 
t h e  type of high energy r a d i a t i o n  present  i n  t h e  E a r t h ' s  
(31)
r a d i a t i o n  b e l t s .  
F i n a l l y ,  r ecen t  work has shown t h a t  thermal cyc l ing  
degradat ion i n  t h e  CdS c e l l s  may be e l iminated  by hs ing  
p l a s t i c  s u b s t r a t e s  and e l e c t r o p l a t e d  gold g i r d s .  (32) 
l.~.Comp:~;ison of Si.anrrl CdS So la r  Ce l l s  
Comparison of  S i  and. CdS s o l a r  c e l l s  a r r a y s  shows t h a t  by .1970: 
(2) t h e  e f f i c i e n c y  of  S i  s o l a r  c e l l s  w i l J  be about 12%. a s  
co-mpared t o  about  6% (some f i g u r e s  a s  high a s  10%) f o r  CdS (33) 
(2) 	 The s p e c i f i c  power of S i  and CdS c e l l s  (not  inc luding  t h e  
support ing s t i u c t u r e s )  w i l l  be t h e  same- about 65/watts/pound. (34) 
The f i g u r e  of 65 wat.ts/pound f o r  t h e  CdS c e l l s  seems t o  be an 
underestimate. For example c l~emica l ly  sprayed t h i n  f i l m  CdS 
c e l l s  (35) 3" x 3" have a l r eady  been produced wi th  s t a b l e  3% e f f i c i e n c i e s  
and a s p e c i f i c  poweri of  90 watts/pound. 
From t h e  cos t  s tandpoin t  CdS c e l l s  have a  major advantage 

Pro jec ted  c o s t s  per  wa t t  (1977) a r e  (36) 

S i  - $450/watt! CdS - $18/watt 

V. Conc lus ions  
Although t h e  at  p r e s e n t  s u p e r i o r  t o  t h e  CdS c e l l  
i n  e f f i c i e n c y  and d u r a b i l i t y  under  s e r v i c e  c o n d i t i o n s  t h e  CdS' 
ce l l  h o l d s  t h e  g r e a t&  promise  f o r  t h e  f u t u r e .  
1.t is g e n e r a l l y  b e l i e v ed  t h a t  t h e  e f f i c i e n c y  of  t h e  CdS c e l l  c an  
b e  r a i s e d  t o  abou t  10%. Such a n  e f f i c i e n c y ' c o u p l e d  w i t h  i t s  
f l e x i b i l i t y ,  l i g h t  we igh t ,  and r a d i a t i o n  r e s i s t a n c e  w i l l  make 
i t  a much b e t t e r  power - source  f o r  t h e  low t o  medium Ki l owa t t  poweZ- :  
s u p p l i e s  t h a t  w i l l  b e  needed.  
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(37) ,  ( 38 ) ,  (39);(40), (41) 
% effieiancy 
~ i g u r b2. Efficiency of s i l i c on  solar c e l l s  vs.  y ie ld (42) 
~ 
Figure 3 .  I-V'characterist'ic of a s i l idon solar c e l l  (43)  
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Figure 7. Spectra l  response of CdS front wall solar cell (47) 
FigCIte 8. Table o f i ~ ~  vs. ilfomination (48)and R 
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~ i g u r e9..  Light and dark curves of CdS solar  c e l l  (48) 
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